An experimental investigation was carried out to study the crack initiation and growth in a single-edge notched NiTi shape memory alloy sheet under tension. It is observed that a crack initiated at the tip of a V-shape notch before the peak axial load was reached and it grew steadily across the width of the NiTi sheet until final fracture. In-plane crack-tip deformation fields at various stages of the crack growth were measured based on an image correlation technique and the crack-tip opening displacement (CTOD) and crack-tip opening angle (CTOA) were subsequently determined. The fracture surface of the NiTi sheet was dimpled based on scanning electron microscopy examinations.
INTRODUCTION
Shape memory materials such as NiTi alloys have found increasing applications in medical devices and MEMS components [1] . Most experimental and modeling efforts on the NiTi shape memory alloys have focused primarily on the thermal-mechanical deformation characteristics and their micromechanisms [2] [3] [4] [5] [6] [7] [8] [9] . Fatigue and fracture failure is one of important design considerations in many NiTi shape memory alloy products [1, 10, 11] but extensive experimental investigations are lacking [11] . As NiTi shape memory alloys used in MEMS and other applications often in the form of wires, thin strips and films, the traditional fracture and fatigue testing methodologies developed for bulk specimens to obtain plane-strain fracture toughness data in conventional structural design analyses may not be feasible. Direct experimental characterization of the fracture and fatigue properties of NiTi shape memory alloy strips and films is thus desirable. We reported in this paper a research effort on measuring the crack-tip plastic deformation field of a single-edge notched NiTi shape memory alloy sheet by in-situ monitoring the crack initiation and growth at the notch.
MATERIAL AND EXPERIMENTAL PROCEDURE
The material studied in this investigation is a NiTi shape memory alloy (Nitinol SM495) obtained from Nitinol Devices and Components (Fremont, CA). The nominal composition of the NiTi sheet is 54.8wt% Ni and 45.2wt% Ti with only a trace amount of O, H, and C. The transformation temperature (A f ) is 60°C and typical mechanical properties of Nitinol SM495 wires at ambient conditions are listed in Table 1 . The thin strip form (with a dimension of 50mm long, 7mm wide, and 0.25mm thick) of the Nitinol SM495 in the as-received condition was tested. A rectangular strip of the Nitinol SM495 sheet was clamped down at both ends and stretched quasi-statically under displacement control by a compact desktop tensile tester (100mm-by-125mm-by-50mm in total dimensions, a total crosshead travel of 50mm, and a load cell of 4,400N maximum capacity). A total of four cycles of combined mechanical loading (at a strain rate of 5x10 -5 1/s for a total strain of 4-4.5%) and thermal annealing (at the temperature of 120°C for 5 minutes in a resistance heating furnace in air) were first used to train the NiTi shape memory alloy sheet under uniaxial tension. Once the steady-state stress-strain behavior was achieved, a 90° V-notch with a depth of 2mm was made at one of the edges of the deformed rectangular NiTi strip (i.e., before thermal annealing to recover its original shape). A total of three cycles of the same combined mechanical loading and thermal annealing were then used to deform the single-edge notched NiTi sheet. In the third cycle of the mechanical loading, the notched NiTi sheet was stretched to final fracture.
One of the flat surfaces of the NiTi sheet was sprayed with fine white paint speckles to aid the crack-tip deformation field measurements by an image correlation analysis [12, 13] . Mechanical tests were paused frequently so digital images (640-by-480 pixels, 8-bit grayscale) of the NiTi strip were acquired during the entire course of each test. Digital images of the NiTi sheet were also taken before and after each thermal annealing treatment so the residual strains if any can be determined for each loading cycle. The imaging system used in this study includes a Computar 55mm telecentric lens (Edmund Scientific Inc.), a monochromic CCD video camera, and a frame grabber board. Each digital image was acquired by averaging a total of 60 video frames to minimize noises [14] and digital images up to 200 were recorded for each test. The recorded digital images were analyzed by an image correlation based surface deformation mapping software developed in our lab to obtain both the average strains in the center section of the un-notched NiTi sheet and the whole-field strain distributions around the notch and the growing crack-tip of the notched NiTi sheet. Details on the strain mapping via the image correlation analysis have been given elsewhere [15, 16] . The errors in local in-plane displacements, rigid body rotation, and strain measurements were estimated to be about 0.02 pixels, 0.02° and 400x10 -6 respectively for a macroscopically homogenous field [14] . 
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EXPERIMENTAL RESULTS
The uniaxial tensile stress-strain curves of the NiTi sheet obtained from the first four cycles of mechanical loading and thermal annealing are shown in Fig.1 . Only the mechanical loading part (i.e., tensile tests #A-#D) is shown here. The thermal annealing results are given in Table 2 . Except the first tensile stress-strain curve (#A), the subsequent three tensile tests #C, #B and #D gave similar (though somewhat softened) stress-strain response. The loading plateau stress at 1.5% is reduced from 98 MPa to about 50-58 MPa after the first mechanical stretching and thermal annealing. The residual axial strains before and after tensile loading are slightly over 4% for test #A and 3.6-3.7% for the other three tests #B-#D. The residual axial strains before mechanical loading and after thermal annealing in each test cycle show about ten folds of reduction from 0.18% to 0.015-0.026%. A steady-state uniaxial tensile stress-strain response was clearly reached in the NiTi sheet by the end of test #D. The load-displacement data for the three mechanical tests #E, #F, and #G of the Vnotched NiTi sheet are given in Fig.2 . The results from tests #E and #F overlap with the early part of the results of test #G, indicating again the steady-state response of the NiTi sheet. The small load drops shown on the curves in Fig.2 correspond to the times when the test was paused and digital images of the notched NiTi sheet were acquired. No cracking was visibly detected under optical microscopy at the ends of both tests #E and #F. The axial strain distribution D7.7. 3 around the notch at the peak load level in each test shown in Fig.3 and Fig.4 respectively is found to be very similar and the maximum strain at the notch tip is about 5% or slightly higher. The tensile axis is horizontal and both strain contour maps cover the entire width of the NiTi sheet around the notch region. The axial strain distribution in test #G at the load level of 458.5 N (just prior to the crack initiation at the notch) is shown in Fig.5 . A maximum strain level of 10% and higher exists at the notch tip. Fig.6 shows the in-plane rigid body rotation field of the notched NiTi sheet just prior to the crack initiation and the free boundary regions along each side of the notch edge have a rotation of 2.2° to 2.5°. Fig. 7 . Cumulative (on the left) and incremental (on the right) axial strain contour maps of the cracked NiTi sheet at selected loading steps. The numbers on the incremental strain contour maps are the axial load level (unit: N). A small crack initiated at the tip of the notch around a load level of 469 N and grew longer and longer along the width direction of the NiTi sheet upon further stretching. A collection of the crack-tip deformation fields of the growing crack is shown in Fig.7 after the peak load level of 486 N was reached. The strain contour maps on the left are cumulative strains (i.e., the total deformation from the initial unloaded state) and the strain contour maps on the right are incremental strains (i.e., the current increment in strain from the previous load step). Although the entire ligament of the NiTi sheet along the width direction was fully plastically deformed (the minimum axial strain is 3.9% to 4.3% near the lower edge way below the crack), most of the plastic deformation occurred around the crack tip region. Axial strains more than 20% were measured around the crack-tip region. Using the two sides of the growing crack near the region of the initial notch tip, both the crack-tip opening displacement (CTOD) and crack-tip opening angle (CTOA) were measured using the crack-tip deformation field data and some of the results are summarized in Fig.8 . At the normalized crack length (i.e., the current crack length a is divided by the initial width of the NiTi sheet W=7mm) of 0.14, the crack-tip opening angle begins to reach a constant level of 7-7.5°. 
DISCUSSIONS AND CONCLUSIONS
The NiTi SM495 sheet investigated here shows the typical shape memory effects upon mechanical stretching up to 4% and subsequent thermal annealing at 120°C. The steady-state stress-strain response was reached rather quickly (only one training cycle was needed!). Even with a V-shaped notch, the NiTi sheet exhibits repeatable thermal-mechanical responses when the maximum axial strain is about 5% and the maximum axial load is about 110-120 N during each loading cycle. Only when the NiTi sheet was subjected to a four-times overload of 469 N, a crack began to nucleate at the notch tip region. Significant crack growth occurred after the axial load reached its peak value of 486 N and appeared to reach a steady-state growth stage soon after. Experimental measurements on the crack-tip deformation field show a significant level of plastic deformation (as high as 20%) over a relatively large region ahead of the crack-tip. Large scale yielding is attributed to the predominantly plane stress state in thin ductile sheets. The surface of the ruptured NiTi sheet was examined by a scanning electron microscope (Phillips D7.7.5 XL-30) and it shows the classical cuplike depressions of dimple rupture (see Fig.9 ). Nucleation, growth, and coalescence of voids from the Ti 3 Ni 4 precipitates are responsible for the crack initiation and growth observed in the NiTi sheet [11] In conclusions, the image correlation based deformation mapping technique has been successfully applied to study the crack initiation and growth in a single-edge notched NiTi thin sheet. The experimental data obtained here can be used to assess detailed fracture toughness and micromechanics of damage analysis of the shape memory alloy by finite element models.
